at late embryonic stages ( Figures 2G and 2GЈ ). This Later, between stages 10 and 11, around 5 hr after egg suggests that Wingless can be transported into the endeposition (AED), a transition occurs and Wingless begrailed domain after stage 11-12. Importantly, ⌬friz-comes barely detectable within the engrailed domain zled2-GPI is likely to lack an endocytic signal since it is even though it continues to be secreted by winglessdevoid of all intracellular residues. Since expression of expressing cells ( 
An Active HRP-Wingless Fusion Protein
There are two main benefits from using an HRP fusion to study endocytic trafficking. One is that HRP activity is easily detected after reaction with 3, 3Ј diaminobenzidine (DAB), which produces an electron-dense deposit. Unlike many antigens, HRP activity is unaffected by fixation with gluteraldehyde and therefore, ultrastructural details are optimally preserved for electron microscopy (EM Figure 3A) . Several genetic tests were performed to ask whether the fusion is secreted and activates the Wingless pathway. In a first test, we expressed UAS-HRP-Wingless ubiquitously using the armadillo-Gal4 driver. This leads to the typical "naked" or "bald" phenotype (near absence of denticles; Lawrence et al., 1996) that characterizes an excess of Wingless signaling ( Figure 3B ). Note that the conversion of denticle belts to bald cuticle is not as extensive as that caused by uniform expression of UAS-Wingless (not shown). Thus, HRP-Wingless activates the signaling pathway but its activity is somewhat reduced compared to that of the wild-type protein. As an aside, HRP-Wingless appears to be temperature-sensitive, since more naked cuticle is induced at 18ЊC than at 25ЊC, even though the gal4 system is less effective at lower temperature. Next, the fusion was expressed with the winglessgal4 driver in a wingless null mutant. The "lawn pheno- Figure 3F ). Importantly, in embryos of the same genotype, vesicles containing Wingless immunoreactivity are very rarely detected ( Figure 3G ), suggesting that the high number of HRP vesicles is not simply a consequence of overexpression from the wingless-gal4 driver. Thus, it appears that, within signal-receiving cells, the Wingless moiety of the fusion is partially degraded or denatured while HRP remains. In principle, the relative excess of vesicles containing HRP activity could be due to higher sensitivity of direct DAB staining compared to immunostaining. We therefore used double immunofluorescence to detect HRP and Wingless in the same preparations of embryos expressing UAS-HRP-Wingless under the control of wingless-gal4. The two antibodies label the expres- cause both genes have a strong maternal contribution orange mutants, excess Wingless is no longer degraded fast enough to allow denticle formation. This was conthat is required for oogenesis. Zygotic mutants of clathrin or deep orange proceed through development firmed by looking directly at Wingless protein in embryos that lack the zygotic contribution of clathrin or deep relatively normally and die only at the end of embryogenesis, without an obvious phenotype. In particular, the orange and express wingless under the control of engrailed-gal4 (Figures 5E-5H ). As controls, we used emdenticle pattern is essentially normal. We reasoned that such zygotic mutants would have reduced activity of bryos that express Wingless with engrailed-gal4 but are otherwise wild-type. Controls were imaged at the same the corresponding gene (since they only have maternal products) and may therefore show a phenotype in a settings as the mutants to allow a comparison between staining intensities. In either mutant, increased Wingless sensitized genetic background. As mentioned above, overexexpression of Wingless with the engrailed-gal4 staining is seen both anterior and posterior to the source (compare Figure 5E with 5F and Figure 5G with 5H). In driver leads to a relatively mild phenotype (in particular, row 2 denticles are present even though they are adjadeep orange mutants, Wingless seems to accumulate in intracellular vesicles, some of which appear enormous cent to the Wingless-misexpressing cells; Figures 5A and 5B). Presumably, the degradation machinery acting (arrow in Figure 5F ). These are likely to be similar to the giant MVBs reported to accumulate in photoreceptors at the posterior is able to cope with the excess Wingless. However, this is no longer the case when the activity of of deep orange animals (Sevrioukov et al., 1999). Note that in deep orange mutant embryos, staining is also clathrin or deep orange is reduced. In the absence of zygotic contribution from clathrin or deep orange, Wingstrongly increased within the domain of expression. Most likely, expressing cells continue to endocytose less originating from the engrailed domain produces excess naked cuticle within areas normally occupied Wingless at a high rate but cannot forward it to late endosomal compartments. In clathrin mutants, excess by denticle belts (Figures 5C and 5D, respectively) , an indication of excess Wingless signaling at the time when Wingless appears to localize at the cell membrane (Figure 5H) , consistent with the role of clathrin in endocycuticular fates are specified.
The above result suggests that in clathrin or deep tosis.
In clathrin mutants, the spread of Wingless appears to broaden (Figure 5H ), in apparent contradiction with the report that a mutation in shibire (which encodes Dynamin) reduces the range of Wingless in Drosophila embryos (Bejsovec and Wieschaus, 1995). In fact, Bejsovec and colleagues (e.g., Moline et al., 1999) have suggested that recycling of internalized Wingless powers transport of the signal by a mechanism of planar transcytosis. However, Strigini and Cohen (2000) have shown that, in imaginal discs, shibire is required for both endocytosis and secretion. Therefore, the apparent reduction in the spread of Wingless in shibire mutant embryos could be due to reduced secretion. Clearly, the role of endocytosis (and planar transcytosis) in Wingless transport along the embryonic epidermis must be reexamined.
As can be seen in Figure 5 , loss of clathrin or deep orange function leads to the accumulation of Wingless at the anterior (as well as the posterior) of the source. This suggests that Wingless is also degraded at the anterior. We propose that the difference between anterior and posterior cells is quantitative. Indeed, our EM analysis shows that Wingless is targeted to lysosomes at the anterior but less frequently than at the posterior.
Denticles are synthesized on a template of actin protrusions that form around stage 15. Therefore, the prospective denticle pattern can be recognized before cuticle deposition by staining with phalloidin (Dickinson and Thatcher, 1997). The embryo shown in Figure 5HЈ was fixed late enough that the actin bundles had already formed. As can be seen, the area where Wingless accumulates correlates with the absence of actin bundles (outlined by the dotted line in Figure 5HЈ ). This confirms the functional link between lack of Wingless degradation and the formation of naked cuticle. 
Chloroquine Causes Excess Wingless Signaling Clearly, clathrin and deep orange are needed to remove excess Wingless signal. We now ask if lysosomal degradation of Wingless is needed when normal quantities of (F) Same genotype as in (E) except also dor 8 /Y; (E )and (F) were stained with anti-Wingless and imaged under identical conditions. Note the increased signal in both expressing and nonexpressing cells. Also notable are the large intracellular vesicles that can be seen in signal-receiving cells (red arrow). (G) Same as in (E) but older embryo (stage 15). This is a control for the effect of chc mutation shown in (H). (H) chc 1 /Y; engrailed-gal4 UAS nucLacZ; UAS-Wingless (same genotype as in [C]) stained with anti-Wingless and imaged under the same conditions as in (G). Note the increased and broader staining that appears to outline cells. (GЈ and HЈ) Identical frames as in (G) and (H), respectively, but

engrailed-gal4 UAS nucLacZ; UAS-Wingless). Note the exNote that endogenous Wingless is not seen in the control embryos. cess naked cuticle in both (C) and (D) compared to (B). Neither
This is because expression is reduced at the late stages shown mutation on its own has a noticeable effect on the cuticle pattern.
(14-15) and also because the sensitivity of detection was intention- Figure 6D ), whereas, in the controls, very few such vesicles are seen ( Figure 6C ). As seen in Figure 6 , chloroquine not only affects the overall distribution of Wingless but also its subcellular localization. Large Wingless-containing vesicles are seen (arrow in Figure  6F ), an observation that is consistent with a block of lysosomal degradation and the accumulation of Wingless in an endosomal compartment. In conclusion then, downregulation of the Wingless protein is required to terminate signaling and ensure that no ectopic naked cuticle forms. grailed-gal4 and found increased Wingless staining both within and at the posterior of each engrailed stripe (FigUsing chloroquine , an antimalarial drug, we were able to inhibit lysosomal function in a subtler manner. Chloures 7A and 7B). Thus, in the absence of rhomboid, Wingless degradation is impaired. This result implicates roquine is not membrane permeant and reaches late endosomal compartments through the endocytic path-EGFR signaling, since rhomboid encodes a limiting factor needed for the activation of the EGFR ligand Spitz way. There, it raises the pH and thus interferes with normal function (Kurz et al., 2000) . In order to preferen- (Schweitzer et al., 1995b) . A null mutation in EGFR leads to extensive morphological defects, thus making stagtially block lysosomal function in epidermal cells, we injected chloroquine (100 mg/ml) into the perivitelline ing and analysis difficult (Clifford and Schupbach, 1992). Nevertheless, in embryos that we could analyze (of the space around stage 9-10 (n ϭ 165). As a control, buffer was injected in the perivitelline space (n ϭ 104). Sixteen genotype engrailed-gal4 UAS-Wingless EGFR Ϫ ), excess Wingless is detected at the posterior of the expression percent of the chloroquine-injected embryos went on to form large patches of ectopic naked cuticle ( Figure  domain (Figure 7C ). The role of EGFR could be mediated by a target gene of the MAP kinase pathway. Alterna-6A). By comparison, ectopic naked cuticle was rarely seen in control embryos (3%) and covered much smaller tively, or in addition, a nontranscriptional response to EGFR signaling could lead to Wingless degradation. We areas. In a further 27% of chloroquine-injected embryos, row 1 denticles were lost in one or more segment ( Figure  looked at the role of Pointed, a transcription factor that mediates many activities of the EGFR in Drosophila (Ga-6B). This was seen in only 3% of the control, buffer- Figure 7EЈ ). In particular, the subcellular distribution of Wingless is clearly differWingless to lysosomes. Although we have not yet proven this formally, we suspect that endocytosis of ent from that seen in clathrin mutants ( Figure 5H ) or in embryos expressing ⌬frizzled2-GPI ( Figure 2GЈ) were injected at the same stage with 10% PBS only. Injection was done according to standard protocols. After injection, embryos were incubated at 25ЊC until they reached the desired stage. Experimental Procedures
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